Abstract: Birds, including members of the families Anatidae (waterfowl) and Laridae (gulls and terns), serve as the major reservoir of influenza A viruses (IAVs). The ecogeographic contributions of gulls to global IAV dynamics, in terms of geographic scale and virus movements, are important and are distinct from those of waterfowl. Gulls primarily carry the H13 and H16 subtypes, yet can be infected by additional subtypes. Also, gulls are frequently infected by IAVs that contain mixtures of genes from different geographic phylogenetic lineages (e.g. North American and Eurasian). The present analysis examines a variety of viruses isolated from gulls and terns across the world that exhibit particularly high phylogenetic affinities to viruses found in other hosts. This illustrates the potential for gulls to act as highly pathogenic virus carriers, disseminators of viruses over long distances, and contributors in the genesis of pandemic strains. The historical evolution of an entirely Eurasian gull virus isolated in North America was also traced and indicates the Caspian Sea, in southwestern Asia, was an important area for the generation of this virus, and analysis of IAVs from terns also points to this region as relevant for the generation of novel strains.
Introduction
Wild birds, including waterfowl, shorebirds, and gulls, harbor the vast majority of known influenza A virus (IAV) genetic diversity. Within these influenza IAVs, there is clear distinction between Eurasian and North American gene pools (Olsen et al., 2006) and there is increasing evidence of additional
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Influenza A viruses are most well known for their effects on human health and the agriculture industry. However, the movement of these viruses among their natural reservoir species, which are wild birds, plays an important role in these human society-affecting outcomes. Within wild birds, gulls are one important host group and the dynamics of influenza A virus transmission and evolution within this group need to be considered alongside the dynamics in other host groups. This paper presents an analysis of gull viruses and gull biology relevant to this topic. phylogeographic lineages (Gonzalez-Reiche & Perez, 2012; Hurt et al., 2014; Pereda et al., 2008) . However, bird movements lead to inter-regional transmission of IAV genes and their establishment in new regions. Intercontinental transmission of IAV genes from Eurasia to America has been frequently observed, and isolation of reassortant viruses that contain gene segments of different continental origins is particularly common from gulls in these regions, which is presumably facilitated by gull movements across the oceans. The North Atlantic Ocean is one location where gull and IAV movements between North America and Europe have been documented (Wille, Robertson, Whitney, Ojkic, & Lang, 2011) , and intercontinental IAV reassortants have also been identified in high proportions (Huang et al., 2014) . Additionally, both entirely Eurasian and North American gull IAVs have been found in Iceland (Dusek et al., 2014) , suggesting this location as important for the mixing of viruses between regions. An equivalent position has also been proposed for Greenland (Shoham & Rogers, 2006) . In North America, only two wholly Eurasian avian IAVs have been found to date. One was an H16N3 virus from an American herring gull (Larus smithsonianus) in eastern Canada (Huang et al., 2014) . The other was the highly pathogenic avian influenza (HPAI) H5N8 virus that recently emerged in China, spread to South Korea, Japan, and Siberia, and is proposed to have been transmitted through the Beringia region by migratory waterfowl into Pacific North America (Lee et al., 2015) . This H5N8 arrival ended the long speculation about whether or not virulent Asian avian strains, such as H5N1, could be transmitted into the Americas by migrating birds. There is also a third case, involving H9N2 viruses from Alaska that were nearly identical (>99%) to viruses in China and South Korea, which were proposed to be carried to Alaska by migratory waterfowl (Ramey et al., 2015) . In this case, however, the gene segments of the viruses showed mixed geographic origins.
In addition to geographic divisions in IAV genes, distinct host group lineages are found. These include mainly the avian, gull, human, swine, and equine lineages (Olsen et al., 2006) . These distinctions make it possible to recognize that inter-species transmissions of IAVs between gulls and other hosts have occurred. Although most IAVs from gulls contain gull-lineage gene segments, and most are of the hemagglutinin (HA) subtypes H13 and H16, various viruses found in gulls contain HA genes and other gene segments that do not appear to be gull-specific, but rather fall within avian clades and are closely related to waterfowl viruses in phylogenetic analyses (Hall et al., 2013; Van Borm et al., 2012; . The opportunities for these transmissions certainly exist, as gulls share terrestrial, freshwater, and marine habitats with other birds and mammals, and therefore gulls could be important for moving IAVs among ecosystems and for contributing to the transmission of highly pathogenic IAVs to other hosts.
The present analysis is an investigation of the potential for gulls to act as carriers of highly pathogenic viruses, disseminators of viruses over long distances, and contributors in the genesis of pandemic strains. This is done through examination of a variety of gull and tern viruses isolated from different locations that exhibit particularly high phylogenetic affinities to viruses found in other hosts.
Results and discussion

Ecogenetic aspects of gull IAVs
Avian IAVs constitute the major, and likely the primal, component within the total IAV gene pool worldwide (Olsen et al., 2006; Webster, Bean, Gorman, Chambers, & Kawaoka, 1992) . Distinct phylogeographic lineages, such as those representing Eurasia and North America, can be identified within avian IAVs, mainly as a result of partial segregation of migratory birds (Olsen et al., 2006) . The first indication that gulls might represent a distinct reservoir for IAVs came from surveillance work on the Atlantic coast of North America, with the identification of a new HA antigen, H13, distinct from the previous 12 HA antigens identified in other avian species (Hinshaw et al., 1982) . Two decades later, an additional novel HA subtype, H16, was identified and characterized from gulls in Sweden (Fouchier et al., 2005) . Continued surveillance and research have shown that gulls are predominantly infected by these H13 and H16 subtypes (Figure 1 ), and these subtypes are not often found outside of gulls (other than in shorebirds) (Arnal et al., 2015) . We performed phylogenetic and time of most recent common ancestor (TMRCA) analyses of H13 and H16 nucleotide sequences. These showed three distinct clades for each subtype that were estimated to originate from a common ancestor in the 1930s for the H13 lineage ( Figure 2 ) and in the 1920s for the H16 lineage (Figure 3 ), similar to previous estimates (Worobey, Han, & Rambaut, 2014) . Both trees show some segregation of sequences according to geographic origin as well as clades that contain mixtures of viruses from both Eurasia and North America. These gull lineage HA genes have been transferred to waterfowl, poultry, and marine mammals but there is no evidence of persistence of these sequences in these other host groups.
Inter-hemispheric movements of avian IAV genes from Eurasia to America have repeatedly been documented (Dusek et al., 2014; Fries et al., 2013; Ip et al., 2008) . However, observations of IAV movements from America to Eurasia have been less common. Possible explanations for this include a higher rate of infection in birds during movements from Eurasia to America, differences in net avian biomass traveling in the two directions, incompatibility of the Eurasian IAV gene pool with North American genes introduced into Eurasia, or uneven virological monitoring. Regardless, the North American avian IAV gene pool appears appreciably permissive for Eurasian genes, which are frequently assimilated (Bahl, Vijaykrishna, Holmes, Smith, & Guan, 2009 ). This is exemplified by the case of the H6 subtype, where it was shown that IAV movement from Eurasia to North America led to the replacement of the North American H6 subtype, continent-wide, within a decade of its introduction (Zu Dohna, Li, Cardona, Miller, & Carpenter, 2009 ). However, this is an extreme case, and Eurasian gene introductions do not usually appear to be so dramatic and successful. As mentioned above, there have been only two discoveries of entirely Eurasian IAVs in North America, the H16N3 gull virus and the highly pathogenic H5N8 virus. Examining the evolutionary histories of the entirely Eurasian H16N3 gull virus' genes reveals that the Caspian Sea appears to be a source for the generation of this virus and others. Indeed, genetic analyses illustrate the spatiotemporal distribution of viruses that traces its gene segment origins from Astrakhan, in Russia, in 1983 to Ukraine in 2005 , Scandinavia between 2006 , then to Iceland and Eastern Canada in 2010 (Figure 4 and Table  S1 ). Therefore, it appears that the Eurasian isolate from Eastern Canada has been generated through the gradual accumulation of different genes (through reassortment events) at different locations from 1983 to 2010, although we recognize that there are limitations in the consistency of availability of data through time and from all regions. This was presumably facilitated through the migration of gulls across these regions and the spatiotemporal pattern suggests a predominantly east to west movement and evolutionary trend. While only single gene segments were found closely related to the Eurasian gull virus preceding Iceland, this recent virus from Iceland showed a close relationship to the virus from Eastern Canada for four gene segments (HA, PB2, PA, and NP). It is also notable that an H16 segment similar to the North American virus was detected three years later in a duck in Japan, which points towards an active inter-hemispheric gull-duck interface (Table S1 ). Globally, the H16N3 North American gull virus is presently the first and only whole IAV of which a trans-Atlantic ecophylogenetic course has been concretely traced. Its origin and spatiotemporal phylogenetic history are analogous to the apparent natural history of the H14 viruses that were originally isolated from a gull and mallard (Anas platyrhynchos) in Astrakhan, and subsequently recovered 28 years later in ducks in North America (Fries et al., 2013) . The H14 subtype was originally isolated in 1982 from both European herring gulls (Larus argentatus) and mallards sampled in Central Asia along the northern shore of the Caspian Sea. Subsequent identifications of H14 viruses have occurred solely in North and Central America (USA and Guatemala) during 2010 to 2012 Ramey et al., 2014) . These viruses originated from sea ducks and dabbling ducks, which are most frequently associated with marine and freshwater habitats, respectively. This unusual spatiotemporal profile might indicate a role played by gulls in inter-hemispheric and marine-freshwater avifauna IAV transmission. The gap in H14 virus isolation from 1982 to 2010 could be due to a lack of fortuitous Notes: All H13 nucleotide sequences were downloaded from the NCBI Influenza Virus Resource (Bao et al., 2008) and aligned using MUSCLE integrated in MEGA6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) . The aligned sequences were quality-trimmed, resulting in an alignment of 1133 nts (corresponding to nt positions 465-1597). This region was chosen because it allowed the inclusion of the largest number of virus sequences. We compared this tree to one constructed with a subset of viruses for which the complete segment sequences were available and the overall topology is not affected by use of this portion (not shown). The maximum credibility tree was generated from the trimmed alignment by the Bayesian inference method implemented in BEAST v1.8.0 (Drummond, Suchard, Xie, & Rambaut, 2012) using the SRD06 substitution model with a strict molecular clock and with the use of the GMRF Bayesian sky ride coalescent prior distribution. These parameters were chosen because they gave the best distribution of posterior probabilities. A strict molecular clock was chosen as appropriate to estimate the time of the most recent ancestors at each node because the sequences are almost all from the same host species. The branches are colored according to the host group: green, North American gulls; blue, Eurasian gulls; brown, poultry; dark blue, marine mammals; dark pink, Eurasian waterfowl; orange, North American waterfowl; purple, shorebirds and other wild birds excluding gulls, waterfowl, and poultry. The posterior probabilities for the support of the branches are given at major nodes. Photo credit: http://www.freeimages.com. sampling during those periods and the same applies for the large gap between the identification of gene segments similar to the North American H16N3 gull virus. Regardless, the overall movements of the involved host species are compatible with the viral migration routes. Broadly, such analyses might be useful for detailed reconstruction of evolutionary processes in other IAVs.
Ecogeographic aspects of gull IAVs
The global distribution of gulls is vast and nearly unlimited worldwide (Olsen & Larsson, 2004) . They breed on every continent, from the margins of Antarctica to the high Arctic. Many species breed in coastal colonies and although they are less common on tropical islands, where terns are often very common, a few species do inhabit islands such as the Galapagos and New Caledonia. There is considerable variety within the group, and species may breed and feed in marine, freshwater and/or terrestrial habitats. Many gull species migrate, but the extent to which they migrate varies among species. Some species migrate long distances, such as Franklin's gull (Leucophaeus pipixcan) that migrates from Canada to wintering grounds in southern South America. Two examples illustrating inter-hemispheric distribution are black-headed gull (Chroicocephalus ridibundus) and laughing gull (Leucophaeus atricilla). The black-headed gull mostly breeds in Europe and Asia, and most of the population is migratory, wintering further south, but some birds in the milder westernmost areas of Europe are non-migratory. Some birds also spend the winter in northeastern North America. Additionally, black-headed gulls have an impressive ability to adapt to man-made environments. The laughing gull is largely a species of North and South America although it also occurs as a rare vagrant to western Europe. Herring gulls exhibit intercontinental distribution and connectivity and there is overlap in the ranges of closely related species/subspecies within a larger species complex that includes American herring gull, European herring gull, and East Siberian gull (Larus vegae) (Sangster, Collinson, Knox, Parkin, & Svensson, 2007) . However, it is likely that migratory connectivity Notes: All complete H16 nucleotide sequences were downloaded from the NCBI Influenza Virus Resource (Bao et al., 2008) and aligned using MUSCLE integrated in MEGA6 (Tamura et al., 2013) . The aligned sequences were quality-trimmed, resulting in an alignment of 1562 nts (corresponding to nt positions 94-1655). The maximum credibility tree was generated from the trimmed alignment by the Bayesian inference method implemented in BEAST v1.8.0 (Drummond et al., 2012) using the SRD06 substitution model with a strict molecular clock and with the use of the GMRF Bayesian sky ride coalescent prior distribution. The branches are colored according to the host group: green, North American gulls; blue, Eurasian gulls; brown, poultry; dark pink, Eurasian waterfowl; orange, North American waterfowl; purple, shorebirds and other wild birds excluding gulls and waterfowl. The posterior probabilities for the support of the branches are given at major nodes. Photo credit: http://www.freeimages.com.
exists among these related American, East Eurasian, and European populations, and this may serve as a platform for virus movements across both the Pacific and Atlantic Oceans.
Clinical and subclinical IAV infections of gulls
Historically, IAVs have been classified as virulent in gulls and terns in only two natural episodes. These are the first wild bird IAV isolate, A/Tern/South Africa/61(H5N3) (Becker, 1966) , and the Asian highly pathogenic H5N1 lineage that infects many species of mammals and birds (Amonsin et al., 2007; Chen et al., 2005; Claas et al., 1998; Mushtaq et al., 2008; Subbarao et al., 1998) . However, an H13 virus circulating in a Canadian colony of dense-breeding ring-billed gulls (Larus delawarensis) caused inflammation of the heart, kidney, pancreas, and liver in chicks but no clinical symptoms (Velarde, Calvin, Ojkic, Barker, & Nagy, 2010) . Details from some of the experimental infection studies involving gulls or other hosts infected with avian strains or with gull viruses are summarized in Tables 1-3 , and some details are expanded below.
Experimental infection with the A/chicken/Hong Kong/220/97(H5N1) strain produced mild disease in laughing gulls (Perkins & Swayne, 2002) , whereas severe disease and mortality were reported in laughing gulls after infection with highly pathogenic H5N1 strains from 2001 and 2006 (Brown, Stallknecht, Beck, Suarez, & Swayne, 2006) . Another highly pathogenic H5 strain, A/Chicken/Penn/1370/83(H5N2), which caused 80% mortality in chickens in a Pennsylvania outbreak, produced little to no clinical signs in experimentally infected ring-billed gulls (Wood, Webster, & Nettles, 1985) . Franklin's gulls experimentally infected with a turkey virus that was pathogenic for turkeys did not develop signs of disease, yet were capable of shedding the virus (Bahl & Pomeroy, 1977) . These studies suggest that gulls could be infected with virulent strains from poultry and serve as asymptomatic carriers for subsequent virus transmission. In another study, the virus A/laughing gull/NJ/AI08-1460/2008(H13N9) was used to experimentally infect ring-billed gulls by the respiratory route, and high susceptibility to the virus was observed without developing any clinical symptoms (Brown et al., 2012) . Most importantly, the virus was excreted via the oropharynx and cloaca for several days. Collectively, in vivo experimental infection studies show fairly consistent clinical sensitivity of gulls to different highly pathogenic viruses, and subclinical sensitivity to low pathogenicity viruses, with consistent evidence of virus shedding.
Studies involving experimental infections of mammals with gull viruses have been limited, but several are of particular interest. In one study (Hinshaw et al., 1982) , the H13 gull virus A/gull/ Massachusetts/26/1980(H13N6) was used in experimental infection of ferrets, which are generally considered as the best animal model for human influenza infection. When challenged intranasally, the ferrets contracted the virus and shed it in nasal secretions. Additionally, attachment of the strain A/black-headed gull/Sweden/2/99(H16N3) to human, gull, and mallard tissues was investigated using tissue microarrays and virus histochemistry, using mallard and human viruses as references (Lindskog et al., 2013) . The H16N3 virus attached more readily to the human respiratory tract than the other avian IAVs, and it could also bind to the human cornea and conjunctiva. The human virus, A/Netherlands/213/03(H3N2), also attached to the trachea of both gull species investigated, which demonstrates the presence of the first necessary characteristic for respiratory transmission. It was Lethargy, fever, sneezing, coughing Nasal (Koçer et al., 2015) consequently suggested that H16 viruses might present a different cell tropism in humans and mallards than other bird-origin IAVs (Lindskog et al., 2013) . Elsewhere, it was shown that several gull species display α2,6-linked sialic acid receptors, to which human IAVs usually bind, on the surface of their tracheal epithelium (Jourdain et al., 2011) . Those findings indicate the potential for either direct or indirect gull-human IAV interface. Viruses from gulls were also among those identified in wild birds as encoding proteins that differed at relatively few amino acid positions from the 1918 pandemic strain (Watanabe et al., 2014) , with gull viruses found that had <15 amino acid differences in their PB2, PB1, PA, NP, M1 or NS1 proteins. A virus identified in wild birds that contained such segments showed higher pathogenicity than typical avian viruses and was able to gain mammalian respiratory drop transmission after acquiring as few as three substitutions in the HA protein (Watanabe et al., 2014) . This supports the notion that the potential to generate a pandemic virus exists within wild birds and, although the sequences used in the experimental study were not from gull viruses, gulls are a relevant part of this scenario.
Inter-species transmission of gull IAVs
Although the level of active infection found is much lower, seroprevalence for IAV in gulls is high, reaching 45-92% (Brown et al., 2010; Huang et al., 2014; Toennessen et al., 2011; Velarde et al., 2010) . As mentioned above, gulls also exhibit notable capacity in terms of inter-hemispheric virus transmission (Hall et al., 2013; Huang et al., 2014; Perkins & Swayne, 2002; Ratanakorn et al., 2012; Van Borm et al., 2012; Wille, Robertson, Whitney, Bishop, et al., 2011 . If gull-imported Eurasian gene segments persist within the American gene pool, they could subsequently be transmitted to domestic hosts such as chickens, turkeys and pigs. In consideration of experimental studies that frequently show subclinical infections of gulls by highly pathogenic avian viruses, these hosts should be regarded as candidates for inter-hemispheric transmission of highly pathogenic viruses. The following sections will evaluate whether gulls could play a major role in inter-species and long-range transmission of IAVs and specific IAV genes and whether they could be considered as contributors to the transmission of HPAI viruses.
The gull-poultry IAV interface
The first evidence of poultry infection by a gull IAV came from a study in which H13N2 viruses were isolated in North America from subclinically infected domestic turkey flocks living near accessible pond water and gulls (Sivanandan, Halvorson, Laudert, Senne, & Kumar, 1991) . The H13 sequence of one of the resultant viruses, A/turkey/MN/1012/1991(H13N2), is included within the North American gull AIV lineage (Figure 2 ). These turkey H13N2 viruses did exhibit marked pathogenicity in experimentally infected turkeys (Laudert, Sivanandan, Halvorson, Shaw, & Webster, 1993) . However, various H13 gull viruses used for experimental challenges of various poultry species infrequently resulted in infection and appeared only subclinical (Table 2 ). There have been no reports of H16 viruses infecting poultry. A low pathogenicity H7N7 gull strain was widely invasive and caused systemic, though subclinical, infection in experimental studies with chickens (Otsuki, Kawaoka, Nakamura, & Tsubokura, 1982) . Another low pathogenicity gull virus of the H7 subtype, A/Laughing gull/DE/42/06(H7N3), is believed to have been naturally transmitted to chickens, with subsequent evolution to a highly pathogenic form (Krauss et al., 2007) . This virus was also fully infectious, although mostly subclinically, in experimentally challenged chickens (Krauss et al., 2007) . Inter-species transmission between gulls and chickens was also observed with A/brown-head gull/Thailand/vsmu-4/2008(H5N1), being highly similar to two highly pathogenic chicken isolates identified from the same region ( Figure 5 ). Further sampling in turkey and chicken flocks, especially where there are potential interactions with gulls, would help confirm whether gulls could play a significant role in IAV transmission to poultry. Notes: Sequences of H5 and H7 genes that showed the highest similarity in BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990) searches to gull gene sequences were downloaded from NCBI and aligned by MUSCLE with MEGA6 (Tamura et al., 2013 
The gull-waterfowl IAV interface
Sympatry exists among many gull species and waterfowl across freshwater and marine habitats. In addition to the H14 viruses discussed above, particularly high gene sequence identity can be found between various gull and duck viruses (Figures 4 and 5 , Table S2 ). These include both wild (mostly mallard) and domestic duck viruses in America and Eurasia. These diverse affinities substantiate an ongoing, reciprocal gull-waterfowl interface, worldwide, which spans both natural ecosystems and farms containing domestic ducks. Additionally, one study showed that H16N3 gull viruses isolated in Russia readily replicated in respiratory and intestinal tissues in challenged ducks (Iamnikova et al., 2009 ).
The gull-marine mammal IAV interface
The movement of IAV between gulls and mammals was identified for the first time in 1981, when it was shown that all genomic segments from a seal H7N7 virus were highly similar to viral gene segments from avian species, including gulls (Webster et al., 1981) . Interestingly, the seal isolate replicated poorly in avian species but well in mammals such as ferrets, pigs, and cats, which indicated this isolate had probably accumulated mammalian-adaptive mutations. Phylogenetic analysis of some seal and whale viruses has shown that these are frequently closely related to gull and shorebird viruses (Groth et al., 2014) . More specifically, relatedness between NP gene segments of the strains A/gull/Maryland/704/77(H13N6) and A/whale/Maine/328/84(H13N2) from the Atlantic Coast of the USA was found (Mandler et al., 1990) . Similarly, the HA gene segment from the same whale isolate falls within a North American gull H13 lineage, and presumably originated from gulls ( Figure  2 , Table S2 ). High sequence identity was also found between the H5 gene segments from a gull isolate, A/black_headed_gull/HK/12.1/2003(H5N1), and a human isolate, A/Hong_Kong/213/2003(H5N1), both obtained in Asia ( Figure 5 , Table S2 ).
The gull-swine IAV interface
Swine are considered one of the most important mixing vessels of IAV, as genetic reassortment between avian and mammalian viruses occurs in this host. Many of the viruses found in swine also contain genes that originated from human and bird viruses. H1N1, H1N2, and H3N2 viruses are endemic in the swine population worldwide (Brown, 2000) , which also represent the subtypes circulating in the human population and the presence of those viruses or their genes within gulls might be important in terms of transmission of viruses across distances and host species. To date, several H1 viruses have been found in the gull population in North America and they all fall within a North American lineage that mainly comprises waterfowl viruses. Although no direct evidence of AIV transmission between gulls and swine has been found to date, we identified gull viruses that do exhibit phylogenetic affinities to swine viruses, in conjunction with related waterfowl and poultry viruses. One swine virus from 2002, A/swine/Saskatchewan/18789/02(H1N1), which was closely related to waterfowl viruses (Karasin, West, Carman, & Olsen, 2004) , was also close to two gull viruses obtained in 2002 from the United States for the HA gene segment (Figure 6 ).
The H3N2 viruses currently found in swine are believed to have originated mostly from reassortment events involving avian and swine viruses or avian, swine and human viruses (Brown, 2000) and the triple reassortant virus has now become predominant in the swine population (Richt et al., 2003) . Sequence analysis of H3 genes from gull viruses showed that two viruses from America and Asia, A/ herring gull/New Jersey/159/1990(H3N6) and A/herring gull/Irkutsk/111/2005(H3), which belong to a Eurasian avian lineage, were related to swine and poultry viruses from England and China (Figure 6 ). Additionally, H3 gene segments from shorebirds related to A/herring gull/New Jersey/159/1990(H3N6) and found in North America are falling within a Eurasian lineage, which further illustrate the potential role of gulls in inter-hemispheric movement of IAVs (J. Bahl et al., 2013) . http://dx.doi.org/10.1080/23312025.2016.1234957
The role of gulls as contributors to the transmission of HPAI viruses
Transmission of IAV from wild birds to poultry and swine is a major concern for the agriculture industry and must also be considered with respect to the possible generation of novel pandemic viruses. H5 and H7 subtypes have been commonly associated with high mortality in poultry (Stech & Mettenleiter, 2013) . Analysis of H5 sequences from gull viruses showed that most of them are closely related to highly pathogenic H5N1 virus isolated from waterfowl, poultry, and swine ( Figure 5 ). Specifically, the virus A/slaty-backed gull/Shandong/59/04(H5N1) is identical to the avian virus A/ Notes: Sequences of H1 and H3 genes that showed the highest similarity in BLAST (Altschul et al., 1990) searches to gull gene segments were downloaded from NCBI and aligned by MUSCLE with MEGA6 (Tamura et al., 2013) . The aligned sequences were quality-trimmed, resulting in alignments of 1,028 nts (corresponding to nt positions 10-1,037) and 641 nts (corresponding to nt positions 1,049-1,689) for the H1 and H3 gene segments, respectively. For the H3 sequences, this region was chosen because it allowed the inclusion of the largest number of virus sequences. We compared this tree to one constructed with a subset of viruses for which the complete segment sequences were available and the overall topology is not affected by use of this portion (not shown). The phylogenetic tree was inferred in MEGA6 with the neighbor-joining method with 1,000 bootstrap replications. Evolutionary distances were computed using the Maximum Composite Likelihood method and are represented by the number of base substitutions per site (scale bar). The branches are colored according to the host group: gulls, green; red, waterfowl from Eurasia; orange, waterfowl from North America; swine, pink; brown, poultry; purple, shorebirds and other wild birds excluding gulls and waterfowl.
babbler/Fujian/320/04(H5N1) and groups closely with a swine strain, A/swine/Anhui/ca/2004(H5N1), with all these isolates from 2004. This shows that there has been frequent inter-species transmission of this virus between avian species, including gulls, and swine. Similarly, phylogenetic analysis of H7 sequences from gulls showed that gull viruses from both North America and Eurasia are closely related to viruses associated with lethal H7 outbreaks in poultry ( Figure 5 ).
The movements of viruses among gulls, waterfowl, poultry, and mammals indicate that gulls need to be considered as important contributors to IAV evolutionary dynamics and ecology. It is also important to recognize the potential contribution of gulls to the generation of pandemic viruses, which always carry gene segments of bird origin, and that could contribute to the emergence of pathogenic strains.
The role of terns in global IAV transmission, and relationships of tern IAVs to those from other hosts
Terns are the most closely related taxon to gulls; they exhibit shared ecological features and can also be sympatric with gulls. It is also noteworthy that the first isolate of IAV from wild birds was from terns, with A/tern/South Africa/1961(H5N3) representing a HPAI H5 virus that caused many deaths among terns in South Africa (Becker, 1966) . Close relationships of viruses from terns to those from other hosts can also be found. A low pathogenicity tern isolate, A/tern/Potsdam/342-6/1979(H7N7), is similar to a virus that infected chickens in Germany and subsequently accrued several mutations to become a highly pathogenic virus that caused a severe outbreak in chickens (Röhm, Süss, Pohle, & Webster, 1996) . A connection from terns to marine mammals has also been previously documented with the NP gene segment of the tern isolate A/tern/Turkmenistan/18/1972(H3N3) closely related to the whale isolate A/whale/Pacific Ocean/19/1976(H1N3) (Mandler et al., 1990 ).
Phylogenetic analyses with tern virus sequences showed high relatedness of these viruses to viruses identified in gulls, ducks, turkeys, and whales from around the world ( Figures S1 and S2 , Table  S3 ). Broadly, these sequence comparisons reveal a series of IAVs isolated from two partially sympatric and highly migratory tern species, the common tern (Sterna hirundo) and the Arctic tern (Sterna paradisaea). In particular, the common tern isolate from South Africa showed inter-hemispheric reassortment, as well as affinities to isolates from turkey, seal, whale, and another common tern strain ( Figure S2 ). This isolate from Turkmenistan is one of a group of common tern viruses from a region of Central Asia that show affinities to North American gull isolates, a European mallard isolate, a tufted duck (Aythya fuligula) isolate from southern Siberia, and some duck isolates from Taiwan. The phylogenetic analysis of M gene segments also showed significant homology between an Arctic tern virus (A/arctic tern/Alaska/300/1975(H5N3)) and gull and turkey viruses from North America ( Figure S1 ). Finally, the three polymerase gene segments of the same A/arctic tern/Alaska/300/1975(H5N3) isolate also exhibit affinities to these same North American gull isolates, and the PB2 gene segment is also highly related to gull isolates from Astrakhan, Asia ( Figure S1 ). Overall, these analyses show that terns also constitute an important IAV host. They share many characteristics and display migratory connectivity with gulls, and they should also be considered as contributors to IAV dynamics, diversity and transmission to different hosts.
Ecobiological aspects of gull IAVs
Two aspects of the ecobiology of gulls are particularly relevant for their role in IAV dynamics. These concern their utilization of both marine and freshwater habitats and their potential role in zoonotic transmission pathways. Gulls are generalist feeders and eat both live-captured prey and opportunistically scavenge, including on carcasses of birds and mammals. Presumably, one means by which gulls could potentially contract IAVs from other species in aquatic habitats is by eating IAV-infected dead birds or mammals. The utilization of both marine and freshwater habitats, and interactions with different species in both environments, raises the possibility for gulls to be exposed to viruses from both freshwater and marine sources. The ecology of IAVs is fairly well understood in freshwater habitats, but this has been explored less in marine environments. However, alongside gulls, additional marine birds such as murres and puffins (members of the family Alcidae) and sea ducks (family Anatidae, tribe Mergini) are known to host IAVs and be sympatric with gulls (Ip et al., 2008) . Although some IAVs do not appear very stable in elevated salinity (Stallknecht, Kearney, Shane, & Zwank, 1990) , marine birds drink seawater and it must be presumed that effective fecal-oral transmission can take place in seawater. Viral circulation within marine environments also involves seals and whales, which are known to host avian-derived IAVs and apparently mostly those originating from gulls and terns as our phylogenetic and phylogeographic findings concerning both gull and tern viruses indicate relationships with viruses from marine mammals globally.
There is also an important zoonotic dimension for IAV circulation in gulls. While the important role played by waterfowl as facilitators of the emergence and dispersal of epizootic and pandemic strains is soundly established, gulls are both cosmopolitan migrants and salient synanthropic birds adjacent to the duck-poultry-swine-human IAV interface. It has previously been articulated that there is a crucial epidemiological position occupied by gulls among wildlife, domestic birds as well as humans (Arnal et al., 2015) , and the potential for gulls to act in transmission of micro-organisms from sewage plants or outflows to domestic animals has also been described (Teale, 2002) . Natural interfaces between gull viruses and those from ducks, turkeys, chickens, and swine have been identified in the present analysis, either in terms of interchangeability of certain gene segments, or whole viruses, and IAV-related interactions of gulls with ducks, turkeys, chickens, and mammals, phylogenetically and ecologically, might contribute to emergence and spread of epizootic and pandemic strains. It is also of note that a connection was found between marine mammal and human infections with the 2009 H1N1 human pandemic strain, which naturally infected and spread, subclinically, among seals in California (Goldstein et al., 2013; Ohishi et al., 2004) . However, it is not known if gulls or terns were directly involved in transmission of this virus.
Concluding remarks
Within the enormous spectrum of IAVs hosted by avian species, gull IAVs constitute an important component, somewhat parallel to waterfowl viruses, of the global ecophylogenetic system defining this protean virus. Gulls affect, both directly and indirectly, the evolutionary dynamics of low and high pathogenicity avian viruses and various mammalian IAVs worldwide. Analysis of the evolutionary history of an entirely Eurasian virus isolated in North America allowed the reconstruction of the gradual evolutionary process that generated this virus, starting in Central Asia, moving northwest, and ending in Iceland, with subsequent transmission to Canada. The origin of this virus appears to be associated with a region of Central Asia that also appears to have given rise to an important H14 strain that involved both gull and duck viruses. Such reverse ecophylogenetic analysis is useful for attaining a broadened perspective of the evolutionary history of a given virus and can allow identification of the presumed strains, genes, and hosts involved in the evolutionary and spatiotemporal pathways that gave rise to a strain in question. Additional gull viruses that were identified as phylogenetically interesting in this analysis were also from the same Central Asian geographic region. A similar scenario was found when analyzing a series of common tern viruses that were obtained in the same general region of Central Asia, where those viruses exhibited clear affinities to gull, duck, and whale viruses. Our analyses of the tern viruses reveal a broad phylogeographic contribution for these viruses beyond Central Asia, with gene transactions extending to Europe, South Africa, North America, and the Pacific Ocean.
The traits contributing to the importance of gulls as IAV hosts include their cosmopolitan distributions, migratory behaviors, synanthropic associations with humans, use of both marine and freshwater habitats, prevalence as a host of many different IAVs of a large variety of host group origins (including farm animals), and predominance of subclinical infections. As shown in the present study, the summary of these properties defines an important IAV host group that needs to be considered in the context of the perpetuation and emergence of enzootic, epizootic, and pandemic strains.
